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POLYMER DEGRADATION 111. CARBON-14 AS A TRACER 
FOR STUDIES OF THE THERMAL DEGRADATION 

OF POLYURETHANS* 

The use of tracers for the study of polymer degradation reactions con- 
s t i tutes  a powerful approach, particularly for polymers that p o s s e s s  a 
variety of bond types that  may result  in complex mechanisms of degrada- 
tion. Previous work h a s  indicated that polyoxypropylene glycol-toluene 
diisocyanate (PPG-TDI) polymer degrades predominately by a random 
sciss ion process  in the absence of oxygen a t  - 200°C. to  regenerate hy- 
droxyl and isocyanate.  However, because of several  bond types and pos- 
s ible  s ide  reactions,  random kinetics are not obtained (1,2). 

s tudies  and t o  determine further detai ls  of the degradative process for 
PPG-TDI, experiments with polymers prepared from carbon-14-labeled 
diisocyanates have been initiated. This  paper presents some prelimin- 
ary resul ts  obtained for PPG-TDI containing carbon-14. 

TDI was prepared from 2,4-toluene diamine and phosgene containing 
carbon-14 (3). Six- to  eight-gram polymer samples were prepared and in- 
tr insic viscosi t ies  and molecular weights were estimated by methods giv- 
en previously (1,Z). The PPG used had a number-average molecular 
weight of - 2000. During degradation, dry nitrogen was passed  through 
the polymer a t  a flow rate of 100 ml./min. Larbon-i4 in 
was counted with a Packard Tri-Carb liquid scintillation counter in di- 
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Therefore, to examine the  utility of tracer applications for degradative 
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Figure 1 

a t  the Je t  Propulsion Laboratory, California Institute of Technology, un- 
der the Advanced Research Projects Agency, Letter Order No. 107-62, 
for the National Aeronautics and Space Administration. 

*This paper presents  the  resul ts  of one phase of research carried out 
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FRACTION OF CAREON-I4 LOST, 7 

Fig.  2. Degradation of POPG-TDI: urethan 
sc i ss ion  versus C l 4  evolved. 

lute toluene solution, the primary and secondary scint i l la tors  being P P O  
(2,5-diphenyloxazole, 5g. / l . )  and dimethyl POPOP [1,4-bis-2(4-methyl- 
5-phenyloxazolyl)-benzene, 0.3 g./l.], respectively.  

An idealized PPG-TDI molecule is represented schematically (a) in 
Figure 1, with (b), (c), and (d) showing the structural  units in the chain.  
The labeled carbons are those that  are linked t o  a nitrogen atom. If on- 
ly urethan bonds break, which is a reasonable assumption at - 200OC. 
(1,2), the relationship between the carbon-14 lost  and the  number of 
sc i ss ions  can be  derived; however, its form depends on the relative 
rates  of sciss ion of nonequivalent urethan bonds. If it  is assumed that 
the rate of sciss ion is the same for all types  of urethan present in PPG- 
TDI, and that  the TDI formed is volati l ized, then an expression for 7, 
the fraction of carbon-14 or TDI volati l ized, in terms of a, the fraction 
of urethan bonds cut, can be obtained as follows. The  total number of 
urethan bonds N, (the X ’ s  in (a) of Fig.  1) for undegraded polymer is 
given by: 

N, = 2 (Mn,o, - MJ/M, (1) 

in which MnCo) is the init ial  number-average molecular weight, M, is the 
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molecular weight of one (terminal) TDI and Mu = 2174, the  molecular 
weight of t h e  unit consisting of 1 (c)  p lus  1 (d). T h e  extent of degrada- 
tion a is equal to the fraction of bbnds broken, viz., 

. 
where S is the number of cuts.  The probability that a TDI unit will be  
separated from the chain (excluding cha in  ends) is the product of the 
probabilities that two adjacent urethan bonds are cu t ,  a2.  The  prpbabil- 
ity of obtaining one sc i ss ion  at either end is a. Therefore, the total  
fraction of urethan bonds that disappear is t h e  product of a 2  and the frac- 
tion of adjacent bonds in the molecule excluding chain ends  p lus  t h e  
product of a and the  fraction of bonds tha t  can b e  cut at the two ends.  
Hence: 

in which N is the total number of segments  of type  (c)  plus two of type 
(d), Figure 1. Equation (2) i s  shown as the solid line in Figure 2. Here 
N is taken as  15, which corresponds t o  the number-average molecular 
weight, M,, for the polymer with [q]  = 0.477 dl/g. Th i s  value of M, is 
based on the relationship between [q]  and M, established earlier a n d  a 
knowledge of the  molecular weight distribution from fractionation da ta  
(1,2). Experimental data a re  a l s o  shown in Figure 2. 
culation of the extent of degradation, a, and da ta  for one run are shown 
in Table I. From Figure 2 the extent of agreement between computed 
and experimental results may be judged. 

Because of the  different chemical structures and sc i s s ion  reactions 
possible,  t he  assumption of equal ra tes  of sc i ss ion  for all bonds contain- 
ing carbon-14 in PPG-TDI may not be  valid. Therefore, deviations of 
the experimental da ta  from eq. (2) in Figure 2 a re  to  be  expected. For  
example, if one urethan bond attached t o  the tolyl  ring degraded at a 
much faster rate than the other, a could increase with little or no in- 
c rease  i n E  however, th i s  situation is not indicated by the data.  In gen- 
eral, for a given number of sc i s s ions  more carbon-14 is volatilized than 
is predicted by eq. (1). Carbodiimide or secondary amine formation may 
occur with loss of labeled CO, but without net s c i s s ions  as follows: 

The method of cal- 
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Either of these  reactions could result  in the observed deviations.  Fur- 
ther experiments concerned with the init ial  sc i ss ion  reactions and quan- 
t i tat ive determinations of the volatile products (TDI and COz)  are in 
progress . 
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